Introduction {#s1}
============

Increasing evidence suggests that oocyte developmental competence is acquired as a result of the sequential accumulation of RNA, DNA, proteins and cellular organelles during the protracted growth of the oocyte and supporting ovarian follicle ([@DES458C61]; [@DES458C28]). Oocyte meiotic maturation is accompanied by cytoplasmic maturation which is manifested by the redistribution of key cytoplasmic organelles such as the mitrochondria ([@DES458C85]; [@DES458C48]) and cortical granules ([@DES458C47]). The ability of the oocyte to initiate calcium release mechanisms ([@DES458C52]), cortical granule release ([@DES458C47]) and the capacity to remodel the chromatin of the fertilizing sperm ([@DES458C55]) are all aquired during the terminal stages of oocyte growth and maturation along with the capacity for the storage of gene transcripts which are necessary for zygote development prior to embryonic genome activation ([@DES458C7]; [@DES458C84]; [@DES458C103]). Oocyte maturation and the production of a fertile gamete are also critically dependent on the provision of an adequate supply of energy substrates (for review see [@DES458C33]). Oocyte quality can therefore be defined as the ability of an oocyte to complete meiotic maturation and to provide the full complement of RNA, proteins and energy needed to support early embryogenesis prior to embryonic genome activation ([@DES458C76]). The genetic, cytoplasmic and metabolic legacy of the oocyte therefore ultimately contribute to whether the resultant embryo has the capacity to potentially produce a healthy pregnancy and live birth.

Many factors can impact upon oocyte quality. Genetic programing errors in the oocyte can compromise oocyte health and metabolism ([@DES458C34]). However, despite the lethality of grossly depleted chromosome complements it is rarely possible to distinguish morphologically normal oocytes from those with predivision, aneuploid, or even polyploid karyotypes. Furthermore as women age, so the frequency of chromosomal abnormalities due to aneuploidy and non-disjunction events rises ([@DES458C60]). For example, the age-related decline in oocyte quality and associated reduction in the success of ART is well documented ([@DES458C88]; [@DES458C19], [@DES458C20]) as are the increased incidence of Down\'s syndrome children born to mothers of advanced age ([@DES458C26]; [@DES458C75]) and the increased rate of foetal aneuploidy with increasing age ([@DES458C40]). While the changes in mitochondrial number, activity and distribution which occur during the cytoplasmic maturation of oocytes are well documented ([@DES458C90]), it has also been shown that mitochondrial activity in MII oocytes is negatively correlated with maternal age ([@DES458C99]). The potential mechanisms by which advancing age affects the functionality of oocyte mitochondria have been reviewed by [@DES458C22]).

Both the cause of infertility and the ART treatment used may have an adverse impact upon the quality of the oocytes retrieved for assisted conception. Although patients diagnosed with polycystic ovary syndrome (PCOS) often have a large number of oocytes available for insemination, their overall quality is poor as determined by the degree of embryo fragmentation and miscarriage rate (reviewed by [@DES458C65]). Aneuploidy is not increased in oocytes ([@DES458C34]) or embryos ([@DES458C98]) from patients diagnosed with PCOS, although gene expression in granulosa cells ([@DES458C42]), cumulus cells ([@DES458C39]) and oocytes ([@DES458C101]) may be perturbed. Furthermore, the controlled ovarian stimulation (COS) regimen *per se* may also have an adverse impact upon oocyte cytogenetics as there is increasing evidence that high levels of exogenous FSH can induce errors in meiosis similar to those induced by advanced maternal age ([@DES458C67]).

Studies to measure oocyte quality are limited. Molecular analyses of oocytes derived from patients with good or poor chance of becoming pregnant following treatment for infertility have identified a small number of genes which may relate to oocyte developmental competence ([@DES458C38]; [@DES458C24]; [@DES458C29]). However, studies of this nature are scarce and result in the destruction of the oocytes under investigation thereby preventing confirmation of the functional significance of markers of developmental potential. Alternatively, measurement of gene expression in the cumulus cells removed from oocytes before insemination *in vitro* has identified a number of cumulus genes whose expression profiles appear to correlate with the oocyte\'s potential to produce a good quality embryo and/or yield a pregnancy after transfer ([@DES458C54]; [@DES458C105]; [@DES458C15]; [@DES458C4]; [@DES458C27]; [@DES458C97]). However, there is little consistency in the marker genes identified across cumulus studies which reflects the heterogeneity of the infertile populations studied ([@DES458C39]) and the variety of ART and COS protocols used ([@DES458C97]), and the practice of pooling cells from multiple oocytes.

Functional assays of oocyte quality which are sensitive at the individual oocyte level will provide valuable insights into oocyte developmental competence. For example, the uptake of dyes, such as brilliant cresyl blue (BCB) have been used to select competent oocytes from abattoir-derived animal ovaries. However, the clinical safety of this staining method is questionable as higher levels of apoptosis have been recorded in oocytes exposed to BCB ([@DES458C58]) and double exposure to BCB has been found to be embryo toxic ([@DES458C100]). In contrast, non-invasive assays of oocyte metabolism have shown a link between metabolism and embryo development. These include measurement of metabolic indices such as glucose turnover ([@DES458C43]; [@DES458C80]; [@DES458C79]; [@DES458C25]) and pyruvate uptake ([@DES458C32]; [@DES458C18]; [@DES458C34]) by oocytes and embryos from a range of species, including human. Oxygen consumption by oocytes ([@DES458C71],[@DES458C72]; [@DES458C86]) and embryos ([@DES458C50]) has also been related to developmental competence. More recently, raman or near-infra red (NIR) spectroscopy ([@DES458C73]; [@DES458C71],[@DES458C72]; [@DES458C93]) and proton nuclear magnetic resonance (NMR) imaging ([@DES458C74]; [@DES458C53]) have been used to assess the composition of spent embryo culture medium to distinguish between embryos with high or low capacity to implant. NIR spectroscopy has also revealed that the metabolomic profile of oocytes is related to nuclear maturity and embryo development on Day 3 and 5 of culture as well as embryo viability ([@DES458C57]). However, recent clinical trials have failed to demonstrate any increase in success rates following embryo selection after NIR spectroscopy or NMR imaging ([@DES458C31]; [@DES458C94]) and most of these metabolomic techniques have yet to undergo randomized control trials to confirm their clinical utility.

Measurement of the turnover of amino acids in spent embryo culture media, by high performance liquid chromatography (HPLC) has consistently shown promise as a method to distinguish between pronucleate and cleavage-staged embryos with the potential to form blastocysts or arrest *in vitro* ([@DES458C36]; [@DES458C81]) and to give rise to a pregnancy following transfer ([@DES458C11]). This evidence forms the basis of the 'Quiet Embryo' hypothesis proposed by Leese ([@DES458C44], [@DES458C45]), which states that embryos with a lower ('quieter') metabolism are operating more efficiently and have a greater potential to develop than their counterparts with a higher ('noisy') metabolism as reflected in a higher turnover of amino acids ([@DES458C36]), leading them to arrest. An association between the degree of DNA damage and amino acid turnover has been confirmed in bovine, porcine and human embryos ([@DES458C83]) adding further support to the hypothesis that embryos with high levels of DNA damage have an increased metabolic requirement in order to conduct DNA repair ([@DES458C6]). Applying this philosophy, we have recently shown that individual bovine MII oocytes with the capacity to support zygote cleavage and blastocyst development *in vitro* following IVF display a different preference for amino acids compared with oocytes which failed to fertilize or undergo embryo cleavage ([@DES458C35]). Specifically, the turnover of five amino acids (glutamine, alanine, arginine, leucine and tryptophan) during the final 6 h of IVM was able to predict with 63.5% accuracy which oocytes were competent to undergo fertilization and support cleavage to the 2--8 cell stage by Day 3 post-insemination. The positive predictive value of oocyte amino acid profiling for predicting which bovine oocytes failed to undergo fertilization and early embryo cleavage was 92%.

The aim of the present study was to measure the depletion/appearance of amino acids by individual human oocytes during the final stages of IVM to discover whether human oocytes of different maturational competence displayed differences in their utilization of amino acids. Amino acid profiles were also analysed in relation to patient age, infertile diagnosis and the nature of the gonadotrophin regimen used for COS. The information so gleaned may help identify the 'nutritional fingerprint' associated with human oocyte quality which can be used to improve the efficiency of ART.

Materials and Methods {#s2}
=====================

Unless otherwise stated all chemicals were supplied by Sigma-Aldrich Chemical Company Limited (Poole, UK) and plastic ware by Nunc A/S (Roskilde, Denmark).

Patient recruitment and treatment {#s2a}
---------------------------------

Oocytes which were at the -GV- or -MI stage of maturity at the time of insemination by ICSI (∼40 h after hCG) were donated after informed consent by 67 women undergoing treatment at the Reproductive Medicine Unit, Leeds General Infirmary, UK, under protocols approved by the local research Ethics Committees. Insemination by ICSI was the only inclusion criteria to enable oocytes to be released prior to the fertilization check. Ovarian stimulation and oocyte collection was performed as described previously ([@DES458C34]). Oocytes were denuded in preparation for ICSI by brief exposure (∼30 s) to 80 IU/ml hyaluronidase (Synvitro Hyadase, Medicult, Surrey, UK) at 37°C.

Oocyte metabolism culture {#s2b}
-------------------------

On arrival in the research laboratory, any remaining cumulus cells were removed from each oocyte by repeat pipetting through glass narrow-bore pipettes. Denuded oocytes were incubated for 30 min in individual 10 µl droplets of modified oocyte maturation medium overlaid with liquid paraffin (Medicult, Surrey, UK), at 37°C in 5% CO~2~ in humidified air to allow for equilibration to the oocyte culture conditions. The modified IVM medium consisted of five-sixth Earle\'s Balanced Salt Solution, one-sixth Minimum Essential Medium (Alpha-modification) (α-MEM) supplemented with 0.8% human serum albumin (HSA; C.A.F.-D.C.F. cvba-scrl, Brussels, Belgium), 100 IU/ml penicillin, 100 µg/ml streptomycin, 0.01 IU/ml FSH (Gonal-f®; Merck Serono Ltd, Feltham, UK) 0.1 IU/ml hCG (Ovitrelle; Merck Serono Ltd), 0.25 mM sodium pyruvate, 5 µg/ml human transferrin, 5 ng/ml selenite, 10 ng/ml human insulin, 100 ng/ml Long R3 insulin-like growth factor-1, 62.5 µM [d]{.smallcaps}-α-aminobutyric acid (DABA) and 62.5 µM glutamine. This medium composition was based on the formulation used for the IVM of human oocytes ([@DES458C102]). Following equilibration, oocytes were assessed for stage of nuclear maturity and transferred to individual 2 µl droplets of fresh IVM medium at 37°C in 5% CO~2~ in air. Oocytes were always cultured within drops which had been immediately overlaid with liquid paraffin to prevent evaporation. After 16--18 h of overnight culture (∼56--62 h post-hCG) the oocytes were transferred to 1 µl microdroplets of fresh IVM media for assay of amino acid turnover. It was necessary to reduce the concentration of amino acids to one-sixth that normally present in α-MEM to enable detection of the flux of amino acids during this assay period. Nuclear maturity was recorded and gamete culture continued for a further 6--8 h at 37°C in 5% CO~2~ in air. Control droplets which did not contain oocytes were cultured in parallel. At the end of the amino acid assay period, at ∼64--68 h post hCG, the oocytes were assessed for nuclear maturity. Oocytes were removed and spent medium was stored at −80°C until amino acid analysis. Medium from a small number of severely degenerate oocytes (*n* = 20), displaying dark shrunken cytoplasm was analysed to provide proof that amino acid profiles are affected by oocyte health.

HPLC analysis {#s2c}
-------------

Spent oocyte culture medium drops were thawed at room temperature and diluted 1:50 or 1:25 with HPLC grade water (ELGA Lab Water, High Wycombe, UK) and analysed by HPLC using *O*-phthaldialdehyde (OPA) as the derivatizing agent, as detailed previously ([@DES458C36]; [@DES458C11]; [@DES458C81]; [@DES458C35]). It is not possible to detect proline and cysteine using the OPA method. Samples were separated by a 250 × 4.6 mm HyperClone 5 μ ODS (C18) column (Phenomenex, Macclesfield, UK) at a flow rate of 1.2 ml/min or by a 250 × 3.2 mm Hypersil ODS (C18) column (Phenomenex) at a flow rate of 0.9 ml/min. At the start of separation 100:0 Buffer A: Buffer B was passed through the column, and adjusted gradually to 0:100 Buffer A: Buffer B by the end of the analysis, which lasted 45 min. Buffer A consisted of 80% (v/v) sodium acetate (pH 5.9), 20% (v/v) methanol and 5--15 ml tetrahydrofuran/l and Buffer B consisted of 80% (v/v) methanol and 20% (v/v) sodium acetate (pH 5.9). Amino acids were eluted sequentially based on their different binding affinities to the column. Fluorescence intensity was monitored at an excitation wavelength of 348 nm and an emission wavelength of 450 nm. The baseline concentration of amino acids within the control droplets was calculated from the medium formulation available from the manufacturer. A chromatogram was produced for each sample and the area beneath each peak was given in arbitrary units which were converted to units of concentration. Any dilution errors were corrected by the inclusion of DABA at a known concentration in all oocyte incubation media. The net appearance or depletion of each amino acid per sample was calculated with reference to the mean of the control droplets cultured alongside. To monitor the consistency of the HPLC separation, amino acid standards were analysed every six samples.

Analyses of amino acid profile {#s2d}
------------------------------

The rate of amino acid depletion/appearance was calculated in pmoles/oocyte/hour according to published calculations ([@DES458C36]). Negative values indicated net disappearance of amino acids from the media and are termed as 'depleted' while positive values represent amino acids that were present in higher concentration at the end of the incubation and are termed 'appeared'. The 'total depletion' of amino acids was calculated by summing all amino acids showing negative values whilst the 'total appearance' of amino acids was calculated by summing all amino acids with positive values. The turnover of amino acids has previously been defined by ([@DES458C36]) as the sum of net depletion and appearance. The net balance of amino acid depletion and appearance can be calculated by subtracting depletion from appearance.

Statistical analysis {#s2e}
--------------------

Statistical analysis was performed using the Minitab 15 package (Minitab Ltd, Coventry, UK). All data were tested for normality using the Anderson-Darling test. Amino acid and gonadotrophin dose data did not conform to a normal distribution therefore were analysed by Mann--Whitney U-test or Kruskall--Wallis test with *post hoc* Mann--Whitney U-test according to the number of groups. Patient age data fitted a normal distribution and were therefore analysed by *t*-test. Relationships between age, gonadotrophin treatment and amino acid turnover were analysed by Spearman\'s Correlation. The distribution of GV and MI oocytes at the start of culture for male factor only and PCO/PCOS groups and oocyte progression to MII or arrest were evaluated by Chi-square analysis. Amino acid data were analysed in relation to oocyte meiotic status at the start of IVM, oocyte developmental progression *in vitro*, as well as patient age, infertile diagnosis and gonadotrophin preparation (FSH or hMG) used for COS. When considering the diagnosis of infertility, data were analysed according to The Rotterdam Consensus Workshop Group 2004 definition of polycystic ovaries at ultrasound (PCO) or PCOS ([@DES458C68]). A value of *P* \< 0.05 was considered significant.

Results {#s3}
=======

Kinetics of oocyte maturation {#s3a}
-----------------------------

A total of 216 oocytes were donated from 67 patients with a mean age of 34.4 ± 0.5 years. Of these, 18 oocytes were not profiled, 30 were excluded due to incomplete data, 16 were degenerate upon arrival at the laboratory and 4 degenerated during the amino acid assay period. Of the viable oocytes, 51% were at the GV stage and 49% at MI on their arrival at the research laboratory. The stage of oocyte nuclear maturity was recorded after 16--18 h of IVM and again after a total of 24 h of culture following completion of the metabolism assay period. The dynamics of oocyte meiotic progression are shown in Fig. [1](#DES458F1){ref-type="fig"}. After 24 h of culture only 6% of oocytes remained arrested at the GV stage, 21.4% arrested at MI, 70.3% had progressed to MII and 2.2% had degenerated. Of the oocytes which were at GV stage upon their arrival to the laboratory only 14% had progressed to MII within 18 h, the majority (48%) attained MII between 18 and 24 h and 38% either arrested or degenerated. Of the oocytes which were at MI upon arrival to the laboratory, 63% had progressed to MII within 18 h, 16% progressed to MII between 18 and 24 h culture and 21% had either arrested or degenerated as presented in Fig. [2](#DES458F2){ref-type="fig"}. Oocyte maturity at the onset of IVM and at the start of the amino acid assay period are displayed in Table [I](#DES458TB1){ref-type="table"}. No significant differences (*P* \> 0.05) were detected between the distribution of GV and MI oocytes at the start of culture across the different infertile diagnoses, nor were there any significant differences in the proportion of MI or MII oocytes at the start of the amino acid assay across the different infertile diagnoses. Table IPatient demographics and oocyte maturity.AetiologyNumber of patientsNumber of oocytes analysedStage of maturity at start of IVMStage of maturity at start of AAP of oocytes which progressed to MIIAge (years)Age range (years)Average daily FSH dose(IU)Male Factor/Tubal288343 GV 40 MI27 MI 34 MII35.9 ± 1.129--41281 ± 21PCO/PCOS124920 GV 29 MI13 MI 20 MII32.9 ± 1.525--40214 ± 26Endometriosis595 GV 4 MI4 MI 4 MII35.0 ± 0.933--38231 ± 59Unexplained472 GV 5 MI3 MI 2 MII37.5 ± 1.733--41400 ± 50Total4914870 GV 78 MI47 MI 60 MII35.2 ± 0.525--41271 ± 17[^1] Figure 1Meiotic progression of human oocytes over the *in vitro* maturation (IVM) culture period. Data from all stages of oocyte nuclear maturity as well as degenerate (Deg) oocytes are shown. Figure 2Rate of meiotic progression of oocytes which were at either germinal vesicle (GV) or metaphase I (MI) stage at the start of the culture period.

Amino acid profile of oocytes of different developmental competence {#s3b}
-------------------------------------------------------------------

Oocyte meiotic status on entry into IVM had no significant impact (*P* \> 0.05) on MII oocyte amino acid turnover measured after 24 h of IVM. Oocyte data were therefore pooled and amino acid profiles were analysed according to oocyte meiotic progression after 24 h of culture. Oocytes that arrested at GV depleted more valine than those that matured to MII (*P* \< 0.01) and they also depleted more isoleucine than those that either arrested at MI (*P* \< 0.05) or progressed to MII (*P* \< 0.01) as presented in Fig. [3](#DES458F3){ref-type="fig"}a. There were no significant differences in the net balance, depletion, appearance or turnover of amino acids between GV and MI arrested oocytes and those that progressed to MII as presented in Fig. [3](#DES458F3){ref-type="fig"}b. A comparison of the average amino acid profiles obtained from degenerated oocytes compared with oocytes that matured to MII is displayed in Fig. [4](#DES458F4){ref-type="fig"}. Glutamic acid (*P* \< 0.01), glutamine (*P* \< 0.01), arginine (*P* \< 0.001), valine (*P* \< 0.05) and isoleucine (*P* \< 0.001) depletion or appearance were all significantly different between degenerate and morphologically normal MII-stage oocytes. Figure 3Average amino acid profiles of human oocytes following 24 h IVM. (a) Average amino acid depletion/appearance of oocytes which arrested at GV, MI or progressed to MII following 24 h of IVM. (b) Average total net balance, depletion, appearance and turnover of amino acids by oocytes which arrested at GV, MI or progressed to MII following 24 h of IVM. Different letters denote a significant difference between groups (Kruskall--Wallis with *post hoc* Mann--Whitney U-test *P* \< 0.05). Figure 4Average amino acid depletion/appearance profiles of degenerated and MII human oocytes following 24 h of IVM (Mann--Whitney U-test \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001).

Impact of patient age on oocyte amino acid turnover {#s3c}
---------------------------------------------------

MII oocytes from patients with normal ovarian morphology aged under 35 years depleted significantly more glutamine (*P* \< 0.05), arginine (*P* \< 0.01), methionine (*P* \< 0.05), phenylalanine (*P* \< 0.05), and had a greater depletion of total amino acids (*P* \< 0.01) and a higher amino acid turnover (*P* \< 0.001) than oocytes from older patients (≥35 years of age) as presented in Fig. [5](#DES458F5){ref-type="fig"}a. However, if the data from all MII oocytes from patients across all infertile diagnoses were pooled and analysed in relation to patient age using Spearman\'s Correlation, there were no significant correlations between patient age and any individual amino acid or between overall amino acid balance, depletion, appearance and turnover. There was a strong positive correlation between patient age and FSH dose (Spearman\'s *r~s~* 0.542; *P* \< 0.001). Figure 5Amino acid turnover by human MII oocytes. (a) Amino acid turnover of MII oocytes from women with normal ovarian morphology aged \< 35 or ≥35 years. Inset shows glutamine, arginine, methionine and phenylalanine turnover to be significantly different between age groups. (b) Amino acid turnover of MII oocytes from women with normal ovarian morphology versus women with polycystic ovary morphology. Inset shows serine turnover was significantly different between women with different ovarian morphology (Mann--Whitney U-test \**P* \< 0.05 \*\**P* \< 0.01 \*\*\**P* \< 0.001).

Impact of patient\'s infertile diagnosis on oocyte amino acid turnover {#s3d}
----------------------------------------------------------------------

To ascertain whether oocyte amino acid turnover was affected by patient\'s diagnosis of infertility, amino acid profile data were analysed according to the cause of infertility. The distribution of the different diagnoses of infertility for the oocytes analysed in the present study are given in Table [I](#DES458TB1){ref-type="table"}. Owing to the patient inclusion criteria for the study, male factor infertility with no ovarian pathology, made up approximately half of the recruited patients. One-third of recruited patients had PCO morphology and a small number of patients presented with PCOS. The data from 33 MII oocytes retrieved from patients with a diagnosis of PCO or PCOS were compared with 61 MII oocytes retrieved from patients with no ovarian pathology. Data from patients diagnosed with endometriosis or unexplained infertility were excluded from further analysis because patient numbers were too small, and in several cases, the diagnosis of endometriosis was accompanied by a diagnosis of PCO. There were no significant differences (*P* \> 0.05) in the balance, depletion, appearance and turnover of amino acids between MII oocytes from women with normal ovarian morphology compared with women with PCO/PCOS as presented in Fig. [5](#DES458F5){ref-type="fig"}b. However, MII oocytes retrieved from patients with PCO/PCOS depleted significantly more serine (*P* \< 0.05; inset to Fig. [5](#DES458F5){ref-type="fig"}b). There was no difference in either the mean age of each subpopulation (PCO/PCOS; 32.9 ± 1.5 years versus normal; 35.9 ± 1.1 years) or the amount of gonadotrophin administered (PCO/PCOS; 214 ± 26 IU per day versus normal; 281 ± 21 IU per day). There was a trend for patients with normal ovarian morphology to be treated with recombinant FSH (rFSH) and for PCO patients to be treated with hMG preparations, although this was not planned in clinical practice. For the MII oocytes from normal women, 56% of the patients underwent ovarian stimulation using rFSH and 44% received hMG. Of the PCO patients 45% received rFSH and 55% received hMG.

Impact of gonadotrophin stimulation protocol on oocyte amino acid turnover {#s3e}
--------------------------------------------------------------------------

Data from all oocytes which progressed to MII were pooled according to whether patients received rFSH; (*n* = 23 patients; 62 MII oocytes) or hMG preparations; (*n* = 17 patients; 45 MII oocytes). The results show that MII oocytes from all cycles stimulated with rFSH depleted more isoleucine (*P* \< 0.05) and more alanine (*P* \< 0.01) and lysine (*P* \< 0.05) appeared in the medium than oocytes from hMG stimulated cycles (Fig. [6](#DES458F6){ref-type="fig"}a). There were no significant differences in the balance, depletion, appearance and turnover of amino acids from all MII oocytes retrieved from rFSH- versus hMG-stimulated cycles (data not shown). When only the subset of MII oocytes from patients with normal ovarian morphology were analysed (Fig. [6](#DES458F6){ref-type="fig"}b) oocytes from rFSH stimulated cycles depleted significantly more isoleucine (*P* \< 0.001) and released significantly more alanine (*P* \< 0.01) into the medium than MII oocytes from hMG-stimulated cycles. There were no significant differences in the balance, depletion, appearance and turnover of amino acids from MII oocytes retrieved from patients with normal ovarian morphology according to gonadotrophin treatment (data not shown). There were also no significant differences in the number of oocytes which progressed to MII or arrested in rFSH versus hMG preparations. However, there were significant negative correlations between FSH dosage and both asparagine depletion (Spearman\'s *r~s~* 0.230; *P* \< 0.05) and glutamine depletion (Spearman\'s *r~s~* 0.240; *P* \< 0.05). There were no significant correlations between FSH dose and amino acid balance, depletion, appearance and turnover. Figure 6Impact of gonadotrophin preparation on amino acid turnover by MII oocytes. (a) MII oocytes from all patients irrespective of diagnosis of infertility stimulated with recombinant FSH (rFSH) or hMG. (b) MII oocytes from women with normal ovarian morphology stimulated with rFSH or hMG (Mann--Whitney U-test \**P* \< 0.05 \*\**P* \< 0.01 \*\*\**P* \< 0.001).

Discussion {#s4}
==========

This study provides the first quantification of the depletion/appearance of amino acids by individual human oocytes which have undergone 24 h of culture to support meiotic maturation. The results show that human oocytes which fail to progress beyond the GV stage of maturation have an increased requirement for valine and isoleucine compared with oocytes which were competent to reach MII. The data also demonstrated, that amino acid depletion/appearance by human oocytes is a function of patient age, and gonadotrophin preparation and dose used for COS. Oocytes retrieved from patients under the age of 35 years with no ovarian pathology displayed differences in the profiles of glutamine, arginine, methionine, phenylalanine and, total depletion and turnover of amino acids compared with oocytes retrieved from patients aged 35 years and over. Previous investigations of human embryos, summarized in Table [II](#DES458TB2){ref-type="table"}, have indicated a number of amino acids to be related to embryo developmental potential (reviewed in [@DES458C82]). Consistent with the present oocyte data, glutamine, arginine and methionine as well as alanine and asparagine depletion/appearance by embryos on Day 2--3 post-insemination differed significantly between embryos with the capacity to develop and those that arrested ([@DES458C36]), while glutamate, glutamine, glycine, arginine, alanine and lysine turnover differed between cryopreserved embryos which arrested or developed to the blastocyst stage ([@DES458C81]). A relationship between asparagine, glycine and leucine depletion/appearance by pronucleate stage embryos and pregnancy was also demonstrated ([@DES458C11]). Although amino acid turnover has not previously been measured for human oocytes during IVM, we have previously shown that bovine oocytes which were matured *in vitro* but failed to cleave following IVF depleted significantly more glutamine, arginine, leucine and more alanine and tryptophan appeared into the culture medium than oocytes which had the potential to undergo at least one round of cleavage ([@DES458C35]) and the difference for glutamine depletion and alanine appearance also existed between oocytes which remained uncleaved compared with those which progressed to the blastocyst stage. Table IISummary of the amino acids associated with poor human oocyte and embryo developmental potential.Developmental stageBiological characteristicAmino acidCommentReferencesOocyteIncreased depletionValine^E^, Isoleucine^E^Associated with failure to reach MIICurrent manuscriptPronucleateIncreased depletionAsparagine^N^Associated with failure to give rise to a pregnancy[@DES458C11]Increased productionGlycine^N^Decreased depletionLeucine^E^Cleavage D2--3Increased depletionAsparagine^N^, methionine^E^Associated with arrest prior to blastocyst formation[@DES458C36]Increased depletionGlutamine^N^, arginine^N^, total amino acids[@DES458C36] and [@DES458C81]Decreased productionGlutamate^N^[@DES458C81]Increased productionGlycine^N^, alanine^N^[@DES458C36] and [@DES458C81]Increased productionLysine^E^[@DES458C81]Increased turnoverTotal amino acids[@DES458C81]Decreased depletionAsparagine^N^Associated with chromosomal abnormality[@DES458C62]Increased productionValine^E^Decreased depletionGlycine^N^Cleavage D3--4Increased productionSerine^N^, lysine^E^Associated with chromosomal abnormality[@DES458C62]Decreased depletionLeucine^E^8 cell-morulaIncreased depletionSerine^N^, total amino acidsAssociated with arrest prior to blastocyst formation[@DES458C36] and [@DES458C81]Increased productionGlycine^N^, alanine^N^[@DES458C36] and [@DES458C81]Decreased depletionLeucine^E^[@DES458C36]BlastocystIncreased turnoverTotal amino acidsAssociated with increased DNA damage[@DES458C83][^2]

The observed differences in the turnover of valine and isoleucine between meiotically competent and incompetent human oocytes may be unique to the stages of human oocyte maturation studied as we have not previously recorded differences in these two amino acids between developmentally competent or incompetent human embryos ([@DES458C36]; [@DES458C11]; [@DES458C81]) or bovine MII oocytes ([@DES458C35]). Valine and isoleucine share a similar catabolic pathway ([@DES458C95]). However, it is unclear why arrested oocytes should have a greater need to metabolize these branched chain amino acids than oocytes which have matured although it likely reflects the perturbed metabolism of these abnormal cells. Discrepancies between studies in the differences observed between amino acids may reflect: species-specific differences between oocytes; differences between oocyte and embryo amino acid metabolism; and/or the fact that the oocytes used in the present study failed to complete meiotic maturation *in vivo* in response to hCG stimulation. The proposition that discrete differences exist in the turnover of key amino acids between good versus poor quality human oocytes is further supported by the observation that degenerating oocytes displayed differences in the depletion/appearance of glutamate, glutamine, arginine, valine and isoleucine compared with oocytes which completed maturation to MII. Indeed a characteristic of degenerating oocytes was a much increased depletion of arginine, which may be utilized to generate nitric oxide (NO) by nitric oxide synthase ([@DES458C41]). The three forms of nitric oxide synthase (endothelial, neuronal and inducible) have all been identified in porcine ([@DES458C14]) and bovine oocytes ([@DES458C87]) and high levels of NO have been associated with apoptosis in bovine pre-implantation embryos ([@DES458C89]). This finding reflects the previously reported observations for both human embryos and bovine oocytes, that high glutamine and arginine depletion relate to poor developmental progression ([@DES458C36]; [@DES458C81]; [@DES458C35]), whereas glutamate appearance is a reflection of good developmental competence ([@DES458C81]). Similarly, pig oocytes presumed to be polyspermic displayed differences in their profiles of leucine, isoleucine, valine, phenylalanine, threonine, glutamine and glutamate compared with oocytes fertilized with a concentration of sperm known to reduce the level of polyspermy ([@DES458C8]). Recently, higher concentrations of isoleucine and leucine have been observed in human follicular fluid obtained from follicles which produced an oocyte which subsequently developed and implanted to yield an ongoing pregnancy compared with those which failed to implant ([@DES458C96]). It is plausible that reduced availability of specific amino acids within the follicle could result in an increased depletion of these amino acids by oocytes once placed into culture.

The relationship between amino acid turnover by MII oocytes and FSH dose was examined and showed that oocytes from patients receiving lower doses of gonadotrophins depleted more asparagine and glutamine than oocytes from patients receiving higher doses. This reduced depletion may reflect an adverse impact of the high-dose regimen on oocyte metabolism. Furthermore, we also observed a strong positive correlation between patient age and FSH dose. The data indicate that oocyte metabolism, and specifically the turnover of key amino acids, may provide a functional index of the reduction in oocyte quality in women of advancing maternal age. Although the hormonal changes of ovarian ageing and the changes in ovarian follicle population dynamics are well characterized ([@DES458C12]) and the close relationship between advancing maternal age and increased oocyte and embryo aneuploidy ([@DES458C60]) is widely acknowledged, details of exactly how age disrupts meiotic maturation and oocyte quality remain unclear. Age-related increases in the dysfunction of the mitochondrial genome may directly affect oocyte metabolism through disruption of molecular transport across cell membranes ([@DES458C70]). The reduced metabolic activity of aged oocytes may result from decreased mitochondrial number and activity ([@DES458C37]). Alternatively, life-long exposures to environmental factors, oxidative stress and/or reactive oxygen species can lead to compromised folliculogenesis, absent or permissive cell-cycle checkpoints and/or defective spindle formation with resultant pre-segregation and non-disjunction of chromosomes ([@DES458C22]). Indeed, altered expression of genes involved with cell-cycle regulation and chromosome alignment have been recorded in oocytes from women of advanced age ([@DES458C29]) and are related to the incidence of aneuploidy in human oocytes ([@DES458C24]). While we did not quantify oocyte aneuploidy in the present study we have previously reported that amino acid turnover by human cleavage-stage embryos is linked to embryo aneuploidy ([@DES458C62]) such that asparagine, glycine and valine profiles differed significantly in Day 2--3 embryos in which all blastomeres were either chromosomally normal or abnormal, while serine, leucine and lysine differed on Day 3--4 ([@DES458C62]). We can therefore propose that maternal age *per se*, and/or age-related differences in the gonadotrophin dose used for COS, may account for the observed differences in amino acid turnover with age in MII oocytes.

An important finding reported here was the observed difference in the depletion of serine by MII oocytes retrieved from women with PCO morphology compared with that from patients with normal ovarian morphology. We have previously observed serine appearance in the media from all bovine oocytes with developmental potential ([@DES458C35]) suggesting that serine depletion could be a marker of dysfunctional oocyte metabolism and hence poor oocyte quality recorded from women with PCO morphology. We have also demonstrated altered carbohydrate metabolism in oocytes from women with PCOS ([@DES458C34]). The different metabolic signatures observed in oocytes from women with PCO morphology and women with PCOS, both in terms of their amino acid turnover as reported here and their altered capacity for glucose and pyruvate metabolism ([@DES458C34]), merit further investigation in relation to the metabolite content of the follicular fluid and metabolic capacity of the supporting follicular cells.

The increased depletion of isoleucine and appearance of alanine by MII oocytes retrieved from normal patients who had undergone COS with rFSH compared with patients receiving hMG is of interest because cumulus cell gene expression patterns have been shown to differ between patients treated with antagonist/recombinant gonadotrophin regimens compared with agonist/hMG treatment protocols ([@DES458C97]), and between rFSH and hMG agonist protocols ([@DES458C1]). Cumulus cell protein expression profiles also differed between patients with no ovarian pathology who were treated with rFSH versus highly purified hMG (HP-hMG) and even between treatment protocols within the same patient ([@DES458C30]). Furthermore, the systemic hormonal profiles differ between patients stimulated with hMG versus rFSH ([@DES458C3]; [@DES458C77]) and the use of HP-hMG resulted in a smaller number of intermediate sized follicles and less frequent bi/multifollicular development compared with patients treated with rFSH ([@DES458C63]). An increased number of oocytes retrieved following rFSH administration has been recorded in a number of studies ([@DES458C64]; [@DES458C46]), although the number of oocytes retrieved does not accurately predict pregnancy ([@DES458C5]). With regard to the contribution made by LH stimulation to oocyte quality, lower apoptosis levels have been observed in cumulus cells retrieved from patients supplemented with recombinant LH (rLH) from Day 8 of stimulation compared with patients who only received rFSH throughout ([@DES458C69]). Coincidentally, fewer oocytes were retrieved and lower peak estradiol levels were reached in the rLH group although a higher number of embryos were available for transfer ([@DES458C69]). Furthermore, recent clinical data show enhanced implantation and pregnancy rates in older women (\>35 years) compared with younger women when stimulated with both FSH and LH ([@DES458C2]). This observation supports the idea that the ratio of FSH to LH stimulation is a determinant of oocyte quality and that alteration of the LH:FSH ratio may explain some of the observed effects of ovarian ageing on oocyte quality.

In the present study, human oocytes, immature at the time of retrieval for ICSI, were used as a model to study oocyte metabolism. These oocytes had a high potential to mature to MII over 24 h of IVM so confirming our previous observations ([@DES458C17]; [@DES458C34]). The oocytes used in the present study were heterogeneous with respect to stage of maturity upon arrival in the laboratory, with ∼50% at GV and MI. Following 18 h of IVM, 38% of these oocytes had reached MII stage, but this proportion increased to 70% after 24 h. It must be emphasized that the shorter culture period used to mature the GV/MI oocytes in the present experimental series is not equivalent to the clinical IVM used to treat patients ([@DES458C78]; [@DES458C10]). The immature, denuded GV/MI oocytes used here have been exposed to the ovulatory hCG stimulus *in vivo* some 36 h prior to oocyte recovery and, in the absence of cumulus cells, they complete meiotic progression over a shortened 24 h window. This is in marked contrast to the IVM of compact, cumulus-enclosed GV oocytes which had not been exposed to hCG *in vivo* ([@DES458C102]). Notwithstanding the differences between our model oocytes and true clinical IVM, the denuded GV/MI oocytes used in the present studies represent a valuable research tool for studying human oocyte biology ([@DES458C16], [@DES458C17]; [@DES458C34]; [@DES458C48]; [@DES458C91]; [@DES458C106]). Furthermore, a number of babies have been born following the insemination of oocytes of this origin ([@DES458C104]; [@DES458C13]; [@DES458C49]; [@DES458C92]; [@DES458C21]; [@DES458C56]; [@DES458C59]; [@DES458C23]). However, clinical success rates for oocytes from this source are generally very poor ([@DES458C66]). Indeed, karyotype analysis of such oocytes by multiparameter fluorescence *in-situ* hybridization in our laboratory has shown these gametes to have a high rate of predivision of chromosomes ([@DES458C17]), although we have failed to observe a significant link between oocyte chromosomal errors and patient aetiologies, such as PCOS ([@DES458C34]). Other groups have also demonstrated high levels of aneuploidy in human oocytes which failed to respond correctly to the *in vivo* stimulus to progress to MII over the normal timeframe ([@DES458C51]). Furthermore, such oocytes may contain imprinting defects ([@DES458C9]).

Conclusion {#s4a}
==========

To conclude, human oocytes capable of maturing to MII stage over a 24 h period of IVM cause depletion/appearance of amino acids from the culture medium in a manner which distinguishes them from oocytes which lack the competence to progress to MII. Furthermore, the nature of the amino acid profiles obtained from oocytes with the competence to mature to MII appears to be affected by patient age, infertile diagnosis and the nature and dose of the gonadotrophin preparation used for COS. In particular, oocytes obtained from women of advancing years have a lower depletion and turnover of total amino acids compared with younger patients. These findings suggest that the measurement of amino acid turnover by individual human oocytes may provide functional insights into the biological mechanisms associated with the acquisition of oocyte developmental competence *in vivo* and following assisted conception.
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[^1]: No significant difference in the proportion of germinal vesicle (GV) and metaphase I (MI) stage oocytes at the start of *in vitro* maturation (IVM) between male factor and polycystic ovary (PCO)/polycystic ovary syndrome (PCOS) group. No significant difference in the proportion of MI and metaphase II (MII) stage oocytes at the start of the amino acid assay between male factor and PCO/PCOS group (Chi-squared test). PCO/PCOS group contained (*n* = 9 patients: 40 oocytes) with PCO diagnosis and (*n* = 3 patients: 9 oocytes) with PCOS diagnosis.

[^2]: E, essential amino acids; N, non-essential amino acids.
